Abstract. We investigated the variability in spatial pattern of some structural, dendrochronological and dendroclimatological features of a mixed Larix decidua-Pinus cembra forest at the timberline in the eastern Italian Alps at fine geographical and temporal scales. Forest structure variables such as stem diameter, tree height, age and tree-ring related parameters (yearly growth index, mean sensitivity, first order autocorrelation and some dendroclimatic variables) have been compared at various scale levels. We observed that most of the variables show positive autocorrelated structures due to both forest dynamics and fine-scale driving forces, probably related to microrelief. Spatial structure of yearly indexed radial growth appears sensitive to extreme climatic events. Secondary succession after past disturbances drives the forest towards a structure governed by a gap regeneration dynamics that seems to ensure the different requirements of the two main tree species present. Small spatial scale studies of forest structures, especially if integrated to dendro-ecological data, seem an efficient tool to assess the disturbance regime and species sensitivity to environmental change.
Introduction
The definition of temporal and spatial scales is a fundamental step in ecology in order to adequately frame pattern and process relationships for investigation (Shugart 1993) . Equivalent time and space domain intervals should be set when analysing the biotic responses to environmental disturbances (Delcourt et al. 1983 ). Nonetheless, a certain variability has to be taken into account within the intervals selected; climatic variability, for example, produces both coarse-and finescale effects on vegetation processes and reduces the possibility of predicting climate-induced vegetation changes (Villalba & Veblen 1998) .
Problems increase when different disturbance factors (natural and anthropogenic) act simultaneously and produce direct and indirect effects on vegetation pattern and process (i.e. spatial distribution and growth dynamics) (Gear & Huntley 1991; Archer et al. 1995) . Even at a coarse scale (up to 10 3 yr and 10 4 m 2 , according to Delcourt et al. 1983 ) the understanding of cause-effect mechanisms can occur towards the upper limit of the interval, but it can be much less evident towards the lower limit (Webb 1987) . This is one of the reasons why most of the spatial analysis studies on forest structure and dynamics are set at the upper limit of the fine scale or at a coarser scale, where spatial resolution is usually ranging from the regional to the population level (Cohen et al. 1990; Duncan & Stewart 1991; Frelich et al. 1993; Mladenoff et al. 1993; Biondi et al. 1994; Czaplewski et al. 1994; Frelich & Graumlich 1994) . The behaviour of small tree clumps or individual trees cannot be detected with a coarse spatio-temporal resolution, although their ecological niches are likely to have a strong influence on species development (Ettl & Peterson 1995b ). An urgent need for investigation of vegetation dynamics at very fine scales is therefore claimed by several authors (Overpeck et al. 1990; Melillo et al. 1996; Villalba & Veblen 1998) .
This study intends to investigate the spatial pattern of structural and tree-ring related features of a timberline mixed coniferous forest at a very fine spatial (from 10 2 to less than 1 m 2 ) and temporal (decades to years) scale.
We have used spatial functions to analyse the distribution pattern of several variables, grouped in three categories: structural (stem diameter, tree height, age); dendrochronological (tree ring growth index, mean sensitivity and first order serial autocorrelation) (cf. Kaennel & Schweingruber 1995) ; dendroclimatological (percent of variance explained by climate and partial regressors coefficients resulting from response function analysis). The analysis of these variables allowed us to assess: (1) stand structure, previous-current disturbances and succession trend; (2) tree response to high and lower frequency variance of environmental factors; (3) tree growth response to high frequency climate variability.
Material and Methods

Site description
The study area is located at 2000-2100 m a.s.l., on a NE slope (ca. 15°) of Croda da Lago (46° 27' N; 12° 08 'E) in the Ampezzo Dolomites (Eastern Italian Alps). It is a timberline mixed conifer forest of Larix decidua (European larch), Pinus cembra (Arolla pine) and Picea abies (Norway spruce). Soils are brown Rendzina formed on dolomite-limestone bedrock (Carrer 1997) .
The forest plot bears signs of past disturbances, nonetheless stump dating confirmed that major harvesting did not occur in the last two centuries. Grazing decreased significantly during the last century and especially after World War II (Carrer 1997) .
Climate
Climate displays cold and rather dry winters and mild and wet summers. Mean annual precipitation at Cortina d'Ampezzo (1275 m a.s.l.), the nearest meteorological station, is 1100 mm, with a maximum during summer. Mean annual temperature is 6.7 °C; extremes vary from − 25 °C to +30 °C (on average the temperature in the area decreases by 0.4-0.6 °C per 100 m of increasing elevation and precipitation increases by ca. 10%). The coldest and warmest months are January and July, respectively, while the growing period in this timberline area lasts usually from June to August (Carrer et al. 1998) .
Total monthly precipitation and mean maximum and minimum monthly temperatures were collected at Cortina d'Ampezzo for the period 1926-1994.
Mapping
A 8600 m 2 sample plot was traced using a closed polygon laid out with a theodolite and an electro-optical distance meter (Wild T2). All trees taller than 130 cm were labelled and the following features recorded: topographic position and elevation at the base of the stem, species, diameter at breast height (DBH) and height. Stumps, dead standing trees and logs were also included in the census.
Increment coring
Tree age sampling was carried out with the following procedure: in trees with DBH ≥ 8 cm two cores were taken at breast height, one uphill and one cross-slope side, at least 90° apart from each other. In trees with a DBH ≥ 5 cm and < 8 cm one core was taken at breast height. Cores were extracted with manual increment borers. In trees with DBH < 5 cm no coring was performed but, when possible, age at DBH was determined by counting the annual whorls. Disks were taken from fallen logs and stumps when possible.
All specimens were prepared conforming to the standard procedures (Stokes & Smiley 1968; Swetnam et al. 1985) and ring widths were measured to the nearest 0.01 mm using a CCTRMD measuring system (Aniol 1987) .
Dendrochronological analysis
Each ring width series was checked, corrected and dated both visually and using the computer programs CATRAS (Aniol 1983) and COFECHA (Holmes 1983) . For double cored trees a standard arithmetic mean function was used to obtain the individual tree series.We used the ARSTAN program (Cook 1985) to standardize tree series to remove growth trends.
The standardization process involved: (1) fitting either negative exponential or linear growth expressions to raw data series to obtain dimensionless indexes which divide observed by expected values and (2) detrending a second time using a cubic-smoothing spline with 50% response cut-off of 30 yr. Then each series was autoregressively modelled to produce the residual series (Box & Jenkins 1970; Cook 1985) .
The influence of climate on tree growth was investigated using response function analysis performed with the software PPPBASE (Guiot & Goeury 1996) . This technique involves multiple regression analysis on principal components of monthly climate data (predictors) and detrended residual tree-ring series (predictands) (Fritts 1976; Briffa & Cook 1990; Serre-Bachet & Tessier 1990) . Climate series for the period 1926-1994 were used to compute total monthly precipitation and monthly mean maximum temperatures from September of the growing year back to October of the previous year (24 regressors). This interval is considered the biological year and is commonly adopted in southern Europe and the Mediterranean area (Tessier 1984; Tessier et al. 1995; Nola 1996) , but also in some North-American timberline environments (Ettl & Peterson 1995b) . Maximum temperatures were used for response functions because, in this case, they produced more significant results than mean or minimum temperatures (Carrer 1997) . PPPBASE provides a bootstrap procedure (Efron 1979) to test the regression coefficients and the stability of the response function at the same time (Guiot 1991) .
Spatial analysis
The spatial structure of a variable could be described through a structure function, which quantifies the spatial dependence and its partition along the various distance classes (Legendre 1993) . There are several types of functions available which lead to the graphic representation of the spatial structure, e.g. correlograms (Moran's I and Geary's c) (Moran 1950; Geary 1954) and semi-variograms (often simply called variograms). After several tests we used variograms obtained by the semi-variance function γ(h) (Matheron 1976; Journel & Huijbregts 1978; Isaaks & Srivastava 1989) .
(1) γ = semi-variogram function; h = separation distance n = number of pairs of points; z(x) = value at location x z(h) = value at location h away from x For the interpretation of the variograms we have to consider the behaviour of the semi-variance in relation to the population variance. Values below and above the population variance show respectively positive and negative spatial autocorrelation. Values around the population variance mean random distribution.
Spatial autocorrelation analysis should not be performed with fewer than 30 localities and 20 pairs of neighbouring points per class, because for smaller groups the assumption of normality may be invalid producing non-significant results (Cliff & Ord 1981; Upton & Fingelton 1985) . In this work distance classes with fewer than 20 pairs were excluded from the analysis.
The variables locally defined for spatial analysis (Table 1) are grouped in three categories:
1. Structural variables: tree height, breast height diameter and age. They define the physical and chronological forest framework and provide information on previous disturbances and current successional trends; 2. Dendrochronological variables: mean sensitivity (MS) and first order serial autocorrelation (AC) of raw values and tree-ring growth indices for the period 1926-1994 (the same used for response function analysis) of individual trees. The first two are common descriptive parameters for dendrochronological series. The third one was used for detecting fine-scale (1-yr lag) spatial pattern of the tree ring growth. Together they allow the assessment of tree response to high and low frequency variance of environmental factors; 3. Dendroclimatic variables: the percent of variance explained by climate (SR) and the standardized partial regression coefficients for the monthly maximum temperatures of June (TJ) resulting from the response function analysis computed for each tree. SR is a suitable index of the presence of climatic signals; TJ has the strongest influence on tree-ring growth (Carrer 1997; Carrer et al. 1998) .
Due to the different bio-ecological and dendrochronological features of Larix and Pinus, the analysis concerned the two species separately. However, the lower density of Pinus within the plot, limited the performance of several tests just to Larix.
The sample sizes changed according to the different variables used in the analyses and are shown in Table 1 .
Four distance classes (DC) were initially used to detect both the coarse (10 and 5 m) and fine (2 and 0.5 m) scale spatial pattern of the variables. Due to the very similar results obtained at the two scale levels we present only outcomes related to the 10 m and 2 m DC. Only in one case we used the 5 m DC (cf. the Results section).
Directional variograms at 0°, 45°, 90° and 135° were computed as preliminary tests to detect eventual directional patterns of the variables (along maximum and cross slope directions). The resulting spatial structures are not significantly anisotropic, so only all directional structure functions are discussed hereafter.
In coarse-scale variograms all the distance intervals are plotted, whereas in fine-scale ones only reduced intervals are considered. Most significant and interpretable data are indeed concentrated within distance ranges of 0-40 m and 0-10 m, respectively.
Results
583 trees were sampled within the study plot, 72% Larix, 23% Pinus and 5% Picea.
In Fig. 1 the age frequency distributions of the two main species are plotted showing an uneven aged structure and a colonizing trend of Pinus during the last century.
Very high correlation coefficients were computed between breast height age, diameter and total tree height for Larix and Pinus (Table 2 ). This affects the spatial structures of the three variables with very similar results at all distance classes, therefore the discussion is limited to age.
Coarse-scale structure functions (10 m DC) of Larix age produce a significant positive autocorrelation up to 4 DC and a negative one between 5 and 9 DC. At a finer scale (2 m DC) the variogram confirms the positively autocorrelated structure and the absence of small-scale spatial patterns (Fig. 2) .
Pinus shows a similar trend both at coarse and fine scales with the range of positive spatial contiguity reduced respectively to the first 2 and 8 DC.
Larix tree distribution was plotted according to a chronological threshold: all ages (Fig. 3A) and ≤ 100-yr old trees (Fig. 3B ), which form a cohort clustered in the northern portion of the plot. Since this pattern could strongly influence the overall spatial structure, we applied the tests separately to Larix trees of the young and the old portions of the plot. In this case we have used the 5 m DC for coarse-scale analyses in order to obtain variograms with suitable numbers of DC.
In the young portion (Fig. 4) Larix has a weak gradient pattern, but is detected both at large and fine scales. In the old portion (Fig. 4) , at a coarser scale we Spatial structures for mean sensitivity (MS) and first order serial autocorrelation (AC) with the 10 m DC (Fig. 5 ) display a 'pure nugget effect', meaning the absence of spatial autocorrelation in all the distance classes (Isaaks & Srivastava 1989) . While at the fine scale we observe a positive autocorrelation for trees growing less than 3 m apart from each other. Farther than this distance MS and AC can be considered randomly distributed.
Structure functions of annual tree-ring indexed widths are very homogeneous and no spatial autocorrelation was detected, except for some cases, within 5m distance. (Fig. 7) .
Spatial structure functions of the dendroclimatic parameters (SR and TJ) can be helpful to verify the presence of distribution patterns of tree responses to climate. At the coarser scale we observed an irregularly clumped structure within an influence range up to 2 DC (Fig. 8) .
Variograms show a similar pattern at the finer scale, but patches are not greater than 10 m (5 DC). Fig. 3 . Spatial distribution of all Larix decidua trees (A) and trees younger than 100 yr (B) present in the sample plot. The horizontal line is a virtual boundary between the younger portion (YP) and the older portion (OP) of the plot. The bottom graphs outline the altitude variability along two transects (grey zone) of the study area. 
Discussion
Structural parameters
The spatial pattern of Larix age highlights two 40-50 m large patches of 'even-aged' trees located within the young and the old portion of the plot (Fig. 2) . This structure can be interpreted as the result of the last intensive logging events which occurred between the 18th and the 19th century. After pasture abandonment Larix quickly recolonized the area. The lack of fine-scale spatial patterns in Larix is consistent with its regeneration requirements, being a shade-intolerant species preferring medium to large size gaps (Holtmeier 1995) .
Pinus cembra appears later in mixed Larix-Pinus forests succession especially after grazing withdrawal. However, its recruitment was hampered by the customary practice of mountain farmers to uproot seedlings and harvest saplings in order to thin the canopy cover and favour the thinner crowns of Larix to ensure better grass growth conditions (Holtmeier 1994) .
The spatial distribution of Pinus (Fig. 2) could be attributed both to anthropogenic disturbance and to its natural regeneration behaviour. With the European nutcracker (Nucifraga caryocatactes L.) being the primary diffusion vector of Pinus cembra we indeed expected a clumped distribution of trees derived from propagules of lost seed caches. In fact, even if rarely more than one individual of the seed cluster reaches the adult stage, nutcrackers usually make several caches in the same area, with a nearest neighbour distances less than 1 m between caches, and with a short distance between groups of caches (Tomback et al. 1993; Mattes 1994) . Throughout the 20th century, pasture abandonment and selective thinning of undesirable species have fostered the recolonization of later successional species. Larix is still the most abundant species, both among older and younger trees whereas Pinus has largely increased its presence (Fig. 1) .
Further hypotheses about forest structure development can be drawn from the observed patterns of the young and old portions of the plot, envisaged as two different successional stages (Figs. 3 and 4) . In an earlier stage (young portion), Larix is lacking a distinct distribution pattern at both spatial resolutions. These unclear gradient structure could be interpreted as: (1) the result of a directional recolonization process of Larix which lasted several decades to fill the gap; (2) the intermediate phase between an initial, randomly distributed, process and a later patched structure. The configuration of the old portion can be interpreted as the old-growth forest age structure with a patchy distribution of similar aged trees. Direct field observations and the resulting distribution pattern suggest that the forest is evolving towards a more complex and mixed structure governed by gap regeneration dynamics. The gap size (20-25 m) seems to ensure the different regeneration requirements of both Larix and Pinus.
Mean sensitivity (MS) and first order serial autocorrelation (AC) are statistical parameters that can reflect the growing behaviour of a tree or a species and their relationships with environmental factors. Especially in extreme environments, MS and AC are tools to directly assess the sensitivity of tree growth to environmental changes and indirectly the presence of some type of stress (Fritts 1976) . With regard to site factors these parameters are respectively considered indices of high and low frequency variability. When used in spatial analysis they provide information on the distribution pattern of growing behaviours of the species.
At a coarse scale the absence of spatial autocorrelation can be attributed to the dimension of the sample plot which excludes the possibility to detect the influence of site factors variability such as slope, aspect, altitude, etc., that can often affect frequency dependent variables like AC and MS. At the fine scale the autocorrelation observed in the first two DC can be interpreted as a possible influence of micro-site factors as shown in Fig. 3 . The high microrelief variability can indeed control soil features such as depth, temperature and water availability, the wind flow near the surface and therefore the removal and drifting of snow (Kaufmann & Ryan 1986; Peterson & Peterson 1994; Oberhuber & Kofler 2000) . This is even more appreciable with the yearly spatial structure of tree-ring indexed values. For example in the year 1951 we observed a distinctive autocorrelated structure for the whole profile, with a clumped distribution of ca. 30m large patches. This pattern is caused by the exceptional weather conditions of that year. Snowfall (December 1950 -March 1951 was about four times the average values and twice the highest value ever recorded in the last 70 yr, while the MarchApril 1951 mean temperature was the lowest (two degrees below the average) of the same reference period (Fig. 9) .
The co-occurrence of these two extreme climatic events have possibly caused in our forest site an exceptionally late snow melting, a soil temperature reduction and a delay of the growing season onset. Never- dendrochronological ones (MS, AC and tree ring indexed values). This difference can be a criterion to define two levels of spatial resolution for the tree-ring related features: (1) a very fine-scale spatial pattern detectable directly by tree-growth indices; (2) a relatively wider one indirectly inferred by the response functions parameters.
Conclusions
There is enough evidence in the investigated stand that the Larix decidua-Pinus cembra forest is still influenced by secondary succession dynamics, which ensures the natural regeneration and provides for the ecological needs of both species. However Pinus actually shows a higher diffusion potential than Larix.
The fine-scale spatial distribution of tree-ring related parameters seems influenced by micro-site variability. This effect is enhanced by the timberline limiting environment and is particularly appreciable (1) in presence of extreme weather conditions, where even a single year can determine a clear effect (e.g. 1951) , and (2) with the dendroclimatological variables that average the tree responses over several decades.
theless the patchy pattern observed can also be interpreted in relation to topographic features. Some tree groups could in fact benefit from relatively more favourable conditions (earlier snow melting, higher incoming radiation, lower snow drift, etc.) than others.
However, despite these exceptional meteorological conditions, 1951 is not an event or pointer year in Larix tree-ring chronologies (Carrer 1997) , meaning that annual growth was not so significantly different from other years. This fact is supporting the assumption that, in this eastern Alpine timberline, the crucial period for tree growth is usually limited to 70-80 days between mid-June and August (Carrer et al. 1998; Körner 1999) . Moreover, extreme climate events do not always cause exceptional growth (larger or narrower rings) since they can be masked by the co-occurrence, throughout the season, of climatic driving forces with opposite growth effects (Ettl & Peterson 1995a) .
Considering all the spatial patterns obtained (Fig. 6 ) the yearly distribution of the indexed tree-ring values (either random or with a very small positively autocorrelated range) seems controlled by the same driving forces suggested for MS and AC, except when extreme climatic events occur.
Climate-growth variables -percent of variance explained by climate and the standardized partial regression coefficients for the monthly maximum temperatures of June -regardless of their different ecological implications, also exhibit similarly patched spatial structures (Fig. 8) .
The dendroclimatological variables show a greater range of spatial contiguity than those observed for 
